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Abstract 
This dissertation was written as a part of the MSc in Energy Building Design at the In-
ternational Hellenic University. This study involves the simulation of an office building 
located in Thessaloniki. The aim of this study is to examine a variety of materials, 
which are integrated in the building envelope, so as to define what impact they have on 
thermal comfort and building’s energy efficiency. There are two types of construction 
for the specific building (heavyweight and lightweight) and five types of glazing (clear, 
low-e summer, low-e winter, reflective, absorptive). Therefore, 10 different simulations 
were conducted for a 3-day time interval in April, August, October and December. The 
key parameters of all simulations were the temperature of floor surfaces (affected mean 
radiant temperature), predicted mean vote (PMV) values and thermostats (influenced 
heating & cooling energy needs). The simulation results of Energy Plus were assessed 
and transformed into qualitative results with the aid of ASHRAE Standard 55-2013 and 
European Standard EN15251. 
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1 Introduction 
According to the existing global energy policy trends, there is a continuously rising vo-
cation towards energy saving in all sectors as the worldwide mineral wealth shrinks and 
the available sources of energy as well. In the transport and industry sector new tech-
nologies have been developed so that less energy of every form is used for travelling 
and manufacturing of products. As far as the building sector is concerned, there is a 
constant tendency to the design and the construction of new energy efficient buildings 
as well as to the retrofit of existing buildings implementing energy saving measures. In 
this sector apart from the energy efficiency, which has been satisfied to some extent by 
the creation of new construction materials, thermal comfort plays also a significant role 
since buildings are occupied by people. This study will examine the influence of a va-
riety of materials, used for construction of the building envelope, on thermal comfort 
and building energy efficiency. 
2 Literature review 
2.1 Energy efficiency 
The energy efficiency of a building, except for the on-site energy generation with re-
newable energy sources, depends mainly on the energy consumption. Regarding the en-
ergy consumption, the building sector (residential, non-residential, construction indus-
try) holds 36% of the global final energy use and 39% of energy-related carbon dioxide 
(CO2) emissions according to Figure 1. This fact proves that the building sector is a big 
energy-consuming sector that needs attention and justifies the current tendency towards 
even more energy efficient buildings. In Figure 2, a rise of 6 exajoules (EJ) or a 5% in-
crease in global buildings final energy use is recorded throughout the period 2010-2017. 
It is also remarkable that the buildings’ floor area increased by 17% during the same 
time interval. 
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Figure 1: Global final energy use and CO2 emissions by sector in 2017
(1) 
 
 
Figure 2: Global buildings final energy by fuel type and change in indicators in 2010-2017(1) 
Moreover, the energy consumption of a building is determined by a variety of parame-
ters related to the building, the environment and the occupants. In general terms, these 
are the building envelope and its losses to the environment, the heating, ventilation and 
air conditioning systems, the built environment and the climate and finally Indoor Envi-
ronmental Quality (IEQ). IEQ is defined by 4 indices: Thermal comfort, Indoor Air 
Quality (IAQ), Visual comfort and Acoustical comfort [2]. The most significant one is 
thermal comfort which will be examined in the next paragraph. 
2.2 Thermal comfort  
Thermal comfort and building energy consumption are 2 parameters indissolubly con-
nected to each other. Thermal comfort conditions are determined by the occupants or 
users of a building and dictate to a great extent the building energy needs and consump-
tion for space heating, space cooling and ventilation. In the residential sector of U.S. 
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space heating and cooling account for the around 43% of the residential energy con-
sumption as shown in  Figure 3. In the commercial sector of U.S., space heating, space 
cooling and ventilation hold 44% of the commercial energy use (Figure 4). 
 
Figure 3: Average U.S. residential energy consumption by end-use in 2018(3) 
 
Figure 4: U.S. Commercial energy use in 2012(4) 
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According to American Society of Heating, Refrigerating and Air-Conditioning Engi-
neers (ASHRAE) [5] thermal comfort is “the condition of mind that expresses satisfac-
tion with the thermal environment and is assessed by subjective evaluation”.  
In line with ASHRAE Standard 55, six primary factors in steady state define the condi-
tions for acceptable thermal comfort: 1. Metabolic rate 2. Clothing Insulation 3. Air 
temperature 4. Radiant Temperature 5. Air speed 6. Humidity [5]. The first two are at-
tributes of the occupants of a building and the latter four are conditions of the thermal 
environment [5]. 
2.2.1 Mean radiant temperature (MRT) 
The mean radiant temperature rt  (or MRT) is an important parameter in thermal calcu-
lations for the human body [6]. As defined in ASHRAE’s Handbook [6], MRT is the 
uniform temperature of an imaginary enclosure in which radiant heat transfer from the 
human body equal the radiant heat transfer in the actual nonuniform enclosure. Meas-
urements of globe temperature, air temperature and air velocity are combined in order to 
estimate the MRT [6]. The shape of the sensor is an important factor. As reported by 
ASHRAE [6], the spherical shape of the globe thermometer is a justifiable equivalent of 
a seated person (Figure 5) and an ellipsoid sensor is a better approximation of a human 
both upright and seated. 
 
Figure 5: Modelling of human body as spherical sensor in the original environment(7) 
In agreement with ASHRAE [6], mean radiant temperature can be calculated from the 
measured temperature of surrounding wall and surfaces and their positions with respect 
to the person (Figure 6) with the following equation: 
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4 4 4 4
1 1 2 2r p p N p NT T F T F T F          , where  
rT is the mean radiant temperature [K], NT is the surface temperature of surface N [K] 
and p NF   is the angle factor between a person and surface N 
 
Figure 6: Mean value of angle factor between seated person and horizontal or vertical rectangle 
when person is rotated around vertical axis(6) 
2.2.2 Operative temperature 
Another significant parameter for thermal comfort is the operative temperature to. Con-
forming to ASHRAE standard’s definition [5], it is the uniform temperature of an imag-
inary black enclosure and the air within it in which an occupant would exchange the 
same amount of heat by radiation plus convection as in the actual nonuniform environ-
ment. It is calculated [5] based on average air temperature and mean radiant temperature 
with the next equation: 
(1 )o a rt A t A t     , where 
ta is the average air temperature 
rt  is the mean radiant temperature 
A is selected from the following Table 1 as a function of air speed: 
Table 1(5) 
Air speed (vr) < 0.2 m/s 0.2 to 0.6 m/s 0.6 to 1.0 m/s 
A 0.5 0.6 0.7 
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2.2.3 Thermal comfort zone methods 
a. Graphic comfort zone method 
Pursuant to ASHRAE Standard 55 [5], this method can be used for determining ac-
ceptable thermal conditions in occupied spaces and is limited to typical occupants with 
metabolic rates between 1.0 and 1.3 met and clothing insulation between 0.5 and 1.0 clo 
(Figure 7). This method is also restricted to maximum average air speed of 0.2 m/s and 
humidity ratio of 0.012 kg H2O/ kg dry air. 
 
Figure 7: Acceptable range of operative temperature and humidity for spaces that meet the fol-
lowing criteria (1.0 < met < 1.3, 0.5 < clo < 1.0)(5) 
b. Analytical comfort zone method (PMV-PPD model) 
This method is applicable to spaces where occupants present metabolic rates between 
1.0 and 2.0 met and clothing insulation below 1.5 clo [5]. ASHRAE created a thermal 
sensation scale for use in assessing people’s thermal sensation. This scale is described 
in Table 2. 
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Table 2: ASHRAE thermal sensation scale(5) 
-3 -2 -1 0 +1 +2 +3 
Cold Cool Slightly cool Neutral Slightly warm Warm Hot 
 
The predicted mean vote (PMV) model uses heat balance principles to relate the thermal 
comfort factors to the average response of people on the above scale [5]. The predicted 
percentage dissatisfied (PPD) index is related to the PMV as defined in Figure 8. It has 
its basis on the assumption that people voting 2 , 3 are dissatisfied and that PPD is 
symmetric around a neutral PMV. 
 
Figure 8: Predicted percentage dissatisfied (PPD) as a function of predicted mean vote (PMV)(5) 
According to ASHRAE [5], thermal comfort compliance is achieved when PPD is lower 
than 10% or equivalently PMV is between -0.5 and 0.5 (Figure 8). Based on the PMV-
PPD model, standard EN15251 sorts mechanically conditioned buildings into categories 
(Figure 9). 
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Figure 9: Recommended categories for design of mechanical heated and cooled buildings(8) 
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3 Building Data 
3.1 Location 
3.1.1 Climatic data 
The examined building is an office building located in Thessaloniki, where the climate 
is a local steppe [9]. Figure 10 shows the maximum and minimum temperature of an 
average day for every month for Thessaloniki [10]. Hot days and cold nights (dashed 
red and blue lines) present the average of the hottest day and coldest night of each 
month of the last 30 years [10]. 
 
Figure 10: Average temperatures and precipitation in Thessaloniki(10) 
As it is obvious from Figure 10, in Thessaloniki the highest average monthly tempera-
tures are observed in June, July, and August and the lowest in December, January and 
February. 
From Figure 11, it is remarkable that in Thessaloniki relative humidity above 70% is 
observed from October till March. 
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Figure 11: Mean monthly relative humidity in Thessaloniki(11) 
3.1.2 Solar path 
Solar path is the path sun follows in relation to any location. Solar path changes as date, 
time and location (latitude, longitude) change. Figure 12 depicts the solar path for every 
month for the location of Thessaloniki. 
 
Figure 12: Solar path for the location of Thessaloniki(12) 
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3.2 Envelope 
3.2.1 Material properties 
In this subchapter, the main parameters of the building model are presented. Table 3, 
Table 4 and Figure 13 refer to the characteristics of all materials used for floor, roof, 
walls and windows. 
Table 3: Material properties 
Name Plaster.ASv XPS.07 Concrete.020 Brick.18 BitumenNot External Mortar.01
Thickness [m] 0.02 0.07 0.2 0.18 0.014 0.01
Conductivity [W/m*K] 0.87 0.035 2.5 0.58 0.23 1.4
Density [kg/m^3] 1800 30 2400 1700 1100 2000
Specific heat [J/kg* K] 1100 1500 1000 1000 1000 1100  
 
Table 4: Material properties 
Name Mortar.015 Garbilo.04 Garbilo.08 CerTiles PlasterBoard.1.5 cm Concrete.018 XPS.09
Thickness [m] 0.015 0.04 0.08 0.015 0.015 0.18 0.09
Conductivity [W/m*K] 1.4 0.81 0.81 1.84 0.25 2.5 0.035
Density [kg/m^3] 2000 1700 1700 2000 900 2400 30
Specific heat [J/kg* K] 1100 1000 1000 840 1100 1000 1500  
 
 
Figure 13: Glazing properties 
3.2.2 Structure 
In all simulation cases roof and floor have a specific structure. The structure of walls 
and windows differs in each scenario. Regarding the material structure, all the descrip-
tions of the following surfaces begin from the outside surface and end to the inside sur-
face (Table 5). 
 
 
 
-16- 
Table 5: Surface structure 
Surface Structure 
Roof CerTiles–BitumenNot External–Mortar.01–XPS.09–
Garbilo.08–Concrete.020–Plaster.ASv 
Floor CerTiles–Mortar.015–Garbilo.04–Concrete.020–XPS.09– 
Plaster.ASv 
Heavyweight construction wall Plaster.ASv–XPS.07–Plaster.ASv–Concrete.018–
Plaster.ASv 
Lightweight construction wall Plaster.ASv–Brick.18–Plaster.ASv– XPS.07–
Plasterboard.1.5cm 
Clear glazing Clear_4mm – Air 12mm – Clear_4mm 
Low-e winter glazing Clear_4mm – Air 12mm – LowE_4_e0.05_Winter 
Low-e summer glazing LowE_4_e0.05_Summer – Air 12mm – Clear_4mm 
Reflective glazing REF A CLEAR LO – Air 12mm – Clear_4mm 
Absorptive glazing GREY 12MM – Air 12mm – Clear_4mm 
 
3.3 Operational schedules 
For the examined office building two operating schedules are valid.  As far as heating is 
concerned, the heating system is on during working hours (08:00 – 20:00) for the period 
16 October – 15 April and the thermostat is set at 20 oC (mean air temperature). There-
fore, when temperature drops below 20 oC, the heating system starts working. Regard-
ing the cooling system, it is turned on during the same hours for the period 16 April – 
15 October and the thermostat is set at 26 oC (mean air temperature). Consequently, if 
temperature is higher than 26 oC, then the cooling system starts working. 
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4 Methodology 
The office building in the area of Thessaloniki, which is simulated in software Energy 
Plus, has a total floor surface of 81 m2 (Figure 14). It has one east and one south win-
dow with area of 8.41 m2 each. The rest side surface area is wall. The material proper-
ties of roof, floor, walls and windows are described in subchapter 3.2.2. 
 
Figure 14: Office building in Thessaloniki – E+ model 
 
Figure 15: Floor surfaces A1 – A9 
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As stated in the chapter of Literature Review, thermal comfort depends inter alia on ra-
diant temperature. Mean radiant temperature is calculated based on angle factors and the 
measured temperature of surrounding wall and surfaces. Therefore, temperature of floor 
surfaces A1-A9 (Figure 15), which hold 9 m2 each, is one of the key parameters used 
for defining the thermal comfort of the office building. The final conclusions related to 
thermal comfort will be given by the PMV-PPD model, which is used for mechanically 
conditioned spaces, with the aid of the PMV variable and by European Standard 
EN15251. Finally, the annual heating and cooling energy needs of the building will be 
determined based on both air temperature and operative temperature in an attempt to 
integrate thermal comfort as a thermostat regulator. 
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5 Analysis 
This chapter includes the simulation results of the building shows how the temperature 
and PMV values of surfaces A1-A9 vary as the type of construction, the time interval 
and the type of glazing change. The last subchapter presents the building energy needs 
for heating and cooling based on air and operative temperature. 
In the following charts the range of Y-axis varies because comparisons and conclusions 
would otherwise be impossible. 
5.1 Heavyweight construction 
In this subchapter, the simulation results of the building with heavyweight construction 
are presented for each time interval and kind of glazing. Every case is compared to the 
base case, in which the building’s glazings are clear. 
5.1.1  Clear glazing (base case) 
In the following charts the temperature and PMV values of surfaces A1-A9 and their 
variation in each time interval (April, August, October, December) are depicted. 
In April (Figure 16) it is easily observed that surfaces A7, A4, A8, A5 present the four 
highest temperatures in descending order, due to April’s solar path (Figure 12) and the 
position of the glazings in the building envelope.  As can be seen in Figure 16 the sur-
face temperature fluctuates from 25.3 to 29.6 oC. Figure 17 shows that the PMV value 
varies from 0.6 to 1.27, which means that as far as the thermal environment is con-
cerned the building belongs to categories III and IV according to the standard 
EN1521:2007. 
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Figure 16: Surface Temperature [oC] – time interval in April – clear glazing 
 
 
Figure 17: PMV – time interval in April – clear glazing 
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In August (Figure 18) surfaces A7, A4, A8, A1 have the four highest temperatures in de-
scending order. Apart from surface A1 the same happens in April (Figure 16), since the 
solar path is the same for April and August. In contrast to April, the surface temperature 
rises overall and has a range from 29.9 to 37.6 oC. PMV values for the same period 
(Figure 19) are higher than 0.75 concluding that the building is in category IV. 
 
Figure 18: Surface Temperature [oC] – time interval in August – clear glazing 
 
 
Figure 19: PMV – time interval in August – clear glazing 
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In October’s time interval (Figure 20) surfaces A7, A8, A5 and A4 hold the four highest 
temperatures. In this case, sun warms surface A4 less than A8 and A5 due to the fact 
that October’s solar path is much smaller than April’s. Throughout this period the sur-
face temperature fluctuates in a wider range of 23.5 to 32.6 oC. Respective PMV values 
(Figure 21) diversify from 0.46 to 1.63 deducing that the building can be in one of cate-
gories II, III and IV. 
 
Figure 20: Surface Temperature [oC] – time interval in October – clear glazing 
 
 
Figure 21: PMV – time interval in October – clear glazing 
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In addition to October, surfaces A7, A8, A5 and A4 have the four highest temperatures 
in December (Figure 22). As can be seen in Figure 22 the surface temperature drops and 
ranges from 17.3 to 23 oC. In Figure 23 PMV presents a maximum value of -0.4 and a 
minimum value of -1.04 therefore classifying the building to categories II, III and IV. 
 
Figure 22: Surface Temperature [oC] – time interval in December – clear glazing 
 
 
Figure 23: PMV – time interval in December – clear glazing 
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5.1.2 Time interval in April (05/04 – 07/04) 
a. Surface temperature 
As compared to the base case (clear glazing), both low-e winter and low-e summer glaz-
ing lower the surface temperature by 0.1 to 1.1 oC (Figure 24) and by 0.3 to 1.3 oC 
(Figure 25) respectively. For this period, the low-e winter glazing reduces less the tem-
perature and it is more effective than low-e summer glazing, which allows less solar ra-
diation into the building. 
 
Figure 24: Surface Temperature [oC] – time interval in April – low-e winter glazing 
 
Figure 25: Surface Temperature [oC] – time interval in April – low-e summer glazing 
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As opposed to the other glazings, the reflective and absorptive ones decrease the surface 
temperature much more, specifically by 3.5 to 7.1 oC (Figure 26) and by 2.5 to 5.5 oC 
(Figure 27) respectively. In the case of the absorptive glazing, the surface temperature is 
higher than in the case of the reflective one, because its inner part absorbs more heat 
and thus warms the inside surfaces by convection. Furthermore, by using reflective 
glazing the surface temperature presents a slower rise in 2 of the 3 days in contrast with 
the base case. 
 
Figure 26: Surface Temperature [oC] – time interval in April – reflective glazing 
 
Figure 27: Surface Temperature [oC] – time interval in April – absorptive glazing 
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b. PMV 
In Figure 28 and Figure 29 it is shown that the use of low-e winter and low-e summer 
glazing has almost no effect on the PMV values and therefore the building remains in 
categories III and IV. 
 
Figure 28: PMV – time interval in April – low-e winter glazing 
 
 
Figure 29: PMV – time interval in April – low-e summer glazing 
Excluding surface A7, which is the most heated one, in the above 2 cases the building is 
limited to category IV. 
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From Figure 30 it can be deduced that by using the reflective glazing the PMV values 
drop and the building shifts to categories I, II and III. The PMV values present a smaller 
decrease in the case of absorptive glazing and the corresponding building belongs to 
categories II, III and IV (Figure 31). 
 
Figure 30: PMV – time interval in April – reflective glazing 
 
Figure 31: PMV – time interval in April – absorptive glazing 
Exempting surface A7, with the use of reflective glazing the building belongs to catego-
ries II and III and the building with the absorptive one remains in categories II, III and 
IV. 
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5.1.3 Time interval in August (19/08 – 21/08) 
a. Surface temperature 
As opposed to the base case (clear glazing), the low-e winter and low-e summer glazing 
reduce the surface temperature by 0.4 to 2.2 oC (Figure 32) and by 0.5 to 2.2 oC (Figure 
33) respectively. It is obvious that in the case of low-e summer glazing the temperature 
should have shrinked more and the glazing is not so effective. 
 
Figure 32: Surface Temperature [oC] – time interval in August – low-e winter glazing 
 
 
Figure 33: Surface Temperature [oC] – time interval in August – low-e summer glazing 
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On the contrary, the reflective and absorptive glazings decrease the surface temperature 
much more, specifically by 1.8 to 8.6 oC (Figure 34) and by 1.3 to 7.2 oC (Figure 35) 
respectively. In the case of the absorptive glazing, the surface temperature is higher than 
in the case of the reflective one, because its inner part absorbs more heat and thus 
warms the inside surfaces by convection. In contrast with the base case, in the case of 
reflective glazing the surface temperature rises with a time delay of 2 hours in 2 of the 3 
days in contrast with the base case. 
 
Figure 34: Surface Temperature [oC] – time interval in August – reflective glazing 
 
Figure 35: Surface Temperature [oC] – time interval in August – absorptive glazing 
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b. PMV 
In Figure 36 and Figure 37, it is observed that using low-e winter and low-e summer 
glazing slightly changes the PMV values and therefore the building remains in category 
IV. 
 
Figure 36: PMV – time interval in August – low-e winter glazing 
 
 
Figure 37: PMV – time interval in August – low-e summer glazing 
By omitting surface A7 in August, the above 2 buildings remain in category IV. 
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From Figure 38 it can be concluded that with the help of reflective glazing the PMV 
values drop and the building belongs to categories III and IV. The PMV values present 
a smaller decrease in the case of absorptive glazing and the corresponding building is 
classified in categories III and IV (Figure 39). 
 
Figure 38: PMV – time interval in August – reflective glazing 
 
 
Figure 39 : PMV – time interval in August – absorptive glazing  
Skipping surface A7, the reflective glazing restricts the building to category III and the 
absorptive one keeps it in categories III and IV. 
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5.1.4 Time interval in October (29/10 – 31/10) 
a. Surface temperature 
As compared to the base case (clear glazing), both low-e winter and low-e summer glaz-
ing lower the surface temperature by up to 1.6 oC (Figure 40) and by up to 1.8 oC 
(Figure 41) respectively. For this period, the low-e winter glazing reduces less the tem-
perature and it is more effective than low-e summer glazing, which allows less solar ra-
diation into the building. 
 
Figure 40: Surface Temperature [oC] – time interval in October – low-e winter glazing 
 
Figure 41: Surface Temperature [oC] – time interval in October – low-e summer glazing 
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On the other hand, the reflective and absorptive glazings decrease the surface tempera-
ture much more, specifically by 1.8 to 9.2 oC (Figure 42) and by 1.3 to 7.3 oC (Figure 
43) respectively. In the case of the absorptive glazing, the surface temperature is higher 
than in the case of the reflective one, because its inner part absorbs more heat and thus 
warms the inside surfaces by convection.  
 
Figure 42: Surface Temperature [oC] – time interval in October – reflective glazing 
 
 
Figure 43: Surface Temperature [oC] – time interval in October – absorptive glazing 
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b. PMV 
In Figure 44 and Figure 45, it is observed that using low-e winter and low-e summer 
glazing increases the PMV values and consequently the building does not belong to cat-
egory II but to III and IV. 
 
Figure 44: PMV – time interval in October – low-e winter glazing 
 
 
Figure 45: PMV – time interval in October – low-e summer glazing 
Precluding surface A7, in these 2 cases the building is limited to category IV. 
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Figure 46 and Figure 47 show that the use of reflective and absorptive glazing decreases 
the PMV values, but the building remains in categories II, III and IV. 
 
Figure 46: PMV – time interval in October – reflective glazing 
 
 
Figure 47: PMV – time interval in October – absorptive glazing 
By excluding surface A7 the building with either reflective or absorptive glazing re-
mains in categories II, III and IV. 
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5.1.5 Time interval in December (26/12 – 28/12) 
a. Surface temperature 
As compared to the base case, both low-e winter and low-e summer glazing lower the 
surface temperature by up to 1 oC (Figure 48, Figure 49). For this period, the low-e 
summer glazing should have reduced more the temperature than the low-e winter glaz-
ing since it allows less solar radiation into the building. 
 
Figure 48: Surface Temperature [oC] – time interval in December – low-e winter glazing 
 
Figure 49: Surface Temperature [oC] – time interval in December – low-e summer glazing 
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As opposed to the other glazings, the reflective and absorptive ones decrease the surface 
temperature much more, specifically by 0.9 to 5.7 oC (Figure 50) and by 0.7 to 4.7 oC 
(Figure 51) respectively. In the case of the absorptive glazing, the surface temperature is 
higher than in the case of the reflective one, because its inner part absorbs more heat 
and thus warms the inside surfaces by convection. 
 
Figure 50: Surface Temperature [oC] – time interval in December – reflective glazing 
 
 
Figure 51: Surface Temperature [oC] – time interval in December – absorptive glazing 
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b. PMV 
In Figure 52 and Figure 53, it is shown that the use of low-e winter and low-e summer 
glazing has almost no effect on the PMV values and therefore the building remains in 
categories II, III and IV. 
 
Figure 52: PMV – time interval in December – low-e winter glazing 
 
 
Figure 53: PMV – time interval in December – low-e summer glazing 
The omission of surface A7 affects the above 2 buildings by restricting them to catego-
ries II and III. 
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From Figure 54 it can be deduced that the reflective glazing hardly alters the PMV val-
ues and the building doesn’t belong to category II but to III and IV. The PMV values 
present a marginal decrease in the case of absorptive glazing and the corresponding 
building remains in categories II, III and IV (Figure 55). 
 
Figure 54: PMV – time interval in December – reflective glazing 
 
 
Figure 55: PMV – time interval in December – absorptive glazing 
With the exclusion of surface A7, the building with reflective glazing doesn’t change 
category and the building with absorptive glazing belongs to categories III and IV. 
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5.2 Lightweight construction 
In this subchapter, the simulation results of the building with lightweight construction 
are presented for each time interval and kind of glazing. Every case is compared to the 
base case, in which the building’s glazings are clear. 
5.2.1 Clear glazing (base case) 
In the following charts the temperature and PMV values of surfaces A1-A9 and their 
variation in each time interval (April, August, October, December) are depicted. 
In Figure 56 it is observed that the surface temperature fluctuates from 25.9 to 30.3 oC 
and Figure 57 shows that the PMV value varies from 0.72 to 1.53, which means that as 
far as the thermal environment is concerned the building belongs to category IV accord-
ing to the standard EN1521:2007. 
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Figure 56: Surface Temperature [oC] – time interval in April – clear glazing 
 
Figure 57: PMV – time interval in April – clear glazing 
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In August (Figure 58) surfaces A7, A4, A8, A1 have the four highest temperatures in de-
scending order. Apart from surface A1, the same happens in April (Figure 56), since the 
solar path is the same for April and August. In contrast to April, the surface temperature 
rises overall and has a range from 29.7 to 37.5 oC. PMV values for the same period 
(Figure 59) are higher than 0.72 concluding that the building is in category IV. 
 
Figure 58: Surface Temperature [oC] – time interval in August – clear glazing 
 
 
Figure 59: PMV – time interval in August – clear glazing 
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In October’s time interval (Figure 60) surfaces A7, A8, A5 and A4 hold the four highest 
temperatures. In this case, sun warms surface A4 less than A8 and A5 due to the fact 
that October’s solar path is much smaller than April’s. Throughout this period the sur-
face temperature fluctuates in a wider range of 23 to 32.9 oC. Respective PMV values 
(Figure 61) diversify from 0.36 to 1.82 deducing that the building can be in one of cate-
gories II, III and IV. 
 
Figure 60: Surface Temperature [oC] – time interval in October – clear glazing 
 
 
Figure 61: PMV – time interval in October – clear glazing 
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In addition to October, surfaces A7, A8, A5 and A4 have the four highest temperatures 
in December (Figure 62). As can be seen in Figure 62 the surface temperature drops and 
ranges from 17.3 to 23.3 oC. In Figure 63 PMV presents a maximum value of -0.3 and a 
minimum value of -1.03, therefore classifying the building to categories II, III and IV. 
 
Figure 62: Surface Temperature [oC] – time interval in December– clear glazing 
 
 
Figure 63: PMV – time interval in December – clear glazing 
  -45- 
5.2.2 Time interval in April (05/04 – 07/04) 
a. Surface temperature 
As compared to the base case (clear glazing), both low-e winter and low-e summer glaz-
ing lower the surface temperature by 0.1 to 1.1 oC (Figure 64) and by 0.3 to 1.3 oC 
(Figure 65) respectively. For this period, the low-e winter glazing reduces less the tem-
perature and it is more effective than low-e summer glazing, which allows less solar ra-
diation into the building. 
 
Figure 64: Surface Temperature [oC] – time interval in April – low-e winter glazing 
 
Figure 65: Surface Temperature [oC] – time interval in April – low-e summer glazing 
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As opposed to the other glazings, the reflective and absorptive ones decrease the surface 
temperature much more, specifically by 3.6 to 7.2 oC (Figure 66) and by 2.5 to 5.6 oC 
(Figure 67) respectively. In the case of the absorptive glazing, the surface temperature is 
higher than in the case of the reflective one, because its inner part absorbs more heat 
and thus warms the inside surfaces by convection. Furthermore, by using reflective 
glazing the surface temperature presents a slower rise in 2 of the 3 days in contrast with 
the base case. 
 
Figure 66: Surface Temperature [oC] – time interval in April – reflective glazing 
 
Figure 67: Surface Temperature [oC] – time interval in April – absorptive glazing 
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b. PMV 
In Figure 68 and Figure 69, it is shown that the use of low-e winter and low-e summer 
glazing has almost no effect on the PMV values and therefore the building remains in 
category IV. 
 
Figure 68: PMV – time interval in April – low-e winter glazing 
 
Figure 69: PMV – time interval in April – low-e summer glazing 
By skipping surface A7, which is the most heated one, in the above 2 cases the building 
remains in category IV. 
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From Figure 70 it can be deduced that by using the reflective glazing the PMV values 
drop and the building shifts to categories I, II, III and IV. The PMV values present a 
smaller decrease in the case of absorptive glazing and the corresponding building be-
longs to categories II, III and IV (Figure 71). 
 
Figure 70: PMV – time interval in April – reflective glazing 
 
Figure 71: PMV – time interval in April – absorptive glazing 
Exempting surface A7, which is the most heated one, the building with reflective glaz-
ing is classified to categories II and III. On the other hand, in the building with absorp-
tive glazing remains in categories II, III and IV. 
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5.2.3 Time interval in August (19/08 – 21/08) 
a. Surface temperature 
As opposed to the base case (clear glazing), the low-e winter and low-e summer glazing 
reduce the surface temperature by 0.3 to 2 oC (Figure 72) and by 0.3 to 2.1 oC (Figure 
73) respectively. It is obvious that the low-e summer glazing lowers the temperature 
more than the low-e winter and thus is effective. 
 
Figure 72: Surface Temperature [oC] – time interval in August – low-e winter glazing 
 
Figure 73: Surface Temperature [oC] – time interval in August – low-e summer glazing 
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On the contrary, the reflective and absorptive glazings decrease the surface temperature 
much more, specifically by 1.7 to 8.5 oC (Figure 74) and by 1.1 to 7 oC (Figure 75) re-
spectively. In the case of the absorptive glazing, the surface temperature is higher than 
in the case of the reflective one, because its inner part absorbs more heat and thus 
warms the inside surfaces by convection. 
 
Figure 74: Surface Temperature [oC] – time interval in August – reflective glazing 
 
Figure 75: Surface Temperature [oC] – time interval in August – absorptive glazing 
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b. PMV 
In Figure 76 and Figure 77, it is observed that using low-e winter and low-e summer 
glazing slightly alters the PMV values and therefore the building remains in category 
IV. 
 
Figure 76: PMV – time interval in August – low-e winter glazing 
 
Figure 77: PMV – time interval in August – low-e summer glazing 
The elimination of surface A7 doesn’t affect the category to which the building belongs 
in both the above cases. 
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From Figure 78, it can be concluded that with the help of reflective glazing the PMV 
values drop and the building belongs to categories III and IV. The PMV values present 
a smaller decrease in the case of absorptive glazing and the corresponding building is 
classified in categories III and IV (Figure 79). 
 
Figure 78: PMV – time interval in August – reflective glazing 
 
Figure 79: PMV – time interval in August – absorptive glazing 
With the exclusion of surface A7, the building with the reflective glazing belongs only 
to category III and the one with the absorptive glazing remains in the same categories 
(III,IV).  
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5.2.4 Time interval in October (29/10 – 31/10) 
a. Surface temperature 
As compared to the base case (clear glazing), both low-e winter and low-e summer glaz-
ing lower the surface temperature by up to 1.7 oC (Figure 80) and by up to 1.8 oC 
(Figure 81) respectively. For this period, the low-e winter glazing reduces less the tem-
perature and it is more effective than low-e summer glazing, which allows less solar ra-
diation into the building. 
 
Figure 80: Surface Temperature [oC] – time interval in October – low-e winter glazing 
 
Figure 81: Surface Temperature [oC] – time interval in October – low-e summer glazing 
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On the other hand, the reflective and absorptive glazings decrease the surface tempera-
ture much more, specifically by 1.5 to 9.3 oC (Figure 82) and by 1.1 to 7.4 oC (Figure 
83) respectively. In the case of the absorptive glazing, the surface temperature is higher 
than in the case of the reflective one, because its inner part absorbs more heat and thus 
warms the inside surfaces by convection. 
 
Figure 82: Surface Temperature [oC] – time interval in October – reflective glazing 
 
Figure 83: Surface Temperature [oC] – time interval in October – absorptive glazing 
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b. PMV 
In Figure 84 and Figure 85, it is observed that using low-e winter and low-e summer 
glazing increases the PMV values. In the first case the building remains to categories II, 
III and IV and in the second one the building belongs to categories III and IV. 
 
Figure 84: PMV – time interval in October – low-e winter glazing 
 
Figure 85: PMV – time interval in October – low-e summer glazing 
Exempting the warmest surface A7, the buildings of the above 2 cases belong to catego-
ries III and IV. 
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 Figure 86 and Figure 87 show that the use of reflective and absorptive glazing decreas-
es the PMV values significantly but the building shifts to categories I, II, III and IV. 
 
Figure 86: PMV – time interval in October – reflective glazing 
 
Figure 87: PMV – time interval in October – absorptive glazing 
Skipping the most heated surface A7, both above types of building belong to categories 
II, III and IV. 
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5.2.5 Time interval in December (26/12 – 28/12) 
a. Surface temperature 
As compared to the base case, both low-e winter and low-e summer glazing lower the 
surface temperature by up to 1 oC (Figure 88) and up to 1.1 oC (Figure 89) respectively.  
 
Figure 88: Surface Temperature [oC] – time interval in December – low-e winter glazing 
 
Figure 89: Surface Temperature [oC] – time interval in December – low-e summer glazing 
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As opposed to the other glazings, the reflective and absorptive ones decrease the surface 
temperature much more, specifically by 0.9 to 6.1 oC (Figure 90) and by 0.7 to 4.8 oC 
(Figure 91) respectively. In the case of the absorptive glazing, the surface temperature is 
higher than in the case of the reflective one, because its inner part absorbs more heat 
and thus warms the inside surfaces by convection. 
 
Figure 90: Surface Temperature [oC] – time interval in December – reflective glazing 
 
Figure 91: Surface Temperature [oC] – time interval in December – absorptive glazing 
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b. PMV 
In Figure 92, it is shown that the use of low-e winter glazing has minor effect on the 
PMV values and therefore the building belongs to categories I, II, III and IV. In the case 
of low-e summer glazing (Figure 93), the PMV values slightly change and thus the 
building remains in categories II, III and IV. 
 
Figure 92: PMV – time interval in December – low-e winter glazing 
 
Figure 93: PMV – time interval in December – low-e summer glazing 
By omitting surface A7, both the building with low-e winter glazing and the one with 
low-e summer glazing belong to categories II and III. 
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From Figure 94 it can be deduced that the reflective glazing hardly alters the PMV val-
ues and the building doesn’t belong to category II but to III and IV. The PMV values 
present a marginal decrease in the case of absorptive glazing and the corresponding 
building remains to categories II, III and IV (Figure 95). 
 
Figure 94: PMV – time interval in December – reflective glazing 
 
Figure 95: PMV – time interval in December – absorptive glazing 
Eliminating surface A7 leads the above 2 buildings to categories III and IV. 
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5.3 Building energy needs 
The building energy need for heating and cooling can also be calculated with the help of 
software “Energy Plus”. These calculations are conducted for every scenario based on 
both mean air and operative temperature, in an attempt to integrate thermal comfort as a 
thermostat regulator.  
In Figure 96 it is obvious that the heating load for thermostat set to mean air tempera-
ture is much lower than that for thermostat set to operative temperature. This means that 
higher energy consumption is needed in order to achieve the requisite thermal comfort 
conditions (20 oC) during the heating period (16/10-15/4). During the same period Fig-
ure 98, Figure 99 and Figure 100 show that the temperature of surface A1 is much lower 
than mean radiant temperature. This explains the high values which PMV has (subchap-
ters 5.2 & 5.3). 
In Figure 97 it is remarkable that when thermostat is set to air temperature the cooling 
load is the same as when thermostat is set to operative temperature. As a consequence, 
the necessary thermal comfort conditions (26 oC) are almost achieved. 
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Figure 96: Annual heating load for thermostat set to mean air & operative temperature 
 
Figure 97: Annual cooling load for thermostat set to mean air & operative temperature 
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Figure 98: Temperature of surface A1 and MRT in April 
 
Figure 99: Temperature of surface A1 and MRT in October 
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Figure 100: Temperature of surface A1 and MRT in December
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6 Conclusions 
6.1 Heavyweight construction 
In the tables below (Table 6, Table 7, Table 8) the simulation results for the case of 
heavyweight construction are presented for each time interval and type of the glazing. 
Table 6: Surface Temperature – Heavyweight construction 
Month
Glazing [C] Diff.(-) [C] Diff.(-) [C] Diff.(-) [C] Diff.(-)
Clear 25.3-29.6 - 29.9-37.6 - 23.5-32.6 - 17.3-23.0 -
Low-e winter 25.2-28.5 0.1-1.1 29.5-35.4 0.4-2.2 23.8-31.0 0.0-1.6 17.5-22.0 0.0-1.0
Low-e summer 25.0-28.3 0.3-1.3 29.4-35.4 0.5-2.2 23.8-30.8 0.0-1.8 17.4-22.0 0.0-1.0
Reflective 21.8-22.5 3.5-7.1 28.1-29.0 1.8-8.6 21.7-23.4 1.8-9.2 16.4-17.3 0.9-5.7
Absorptive 22.8-24.1 2.5-5.5 28.6-30.4 1.3-7.2 22.2-25.3 1.3-7.3 16.6-18.3 0.7-4.7
Surface Temperature (Heavyweight construction)
April August October December
 
 
Table 7: PMV – Building’s category – Heavyweight construction 
Month
Glazing PMV Category PMV Category PMV Category PMV Category
Clear 0.60-1.27 III/IV 0.75-1.54 IV 0.46-1.63 II/III/IV (-1.04)-(-0.40) II/III/IV
Low-e winter 0.60-1.33 III/IV 0.75-1.48 IV 0.58-1.66  III/IV (-0.95)-(-0.31) II/III/IV
Low-e summer 0.60-1.26 III/IV 0.74-1.47 IV 0.57-1.59  III/IV (-0.98)-(-0.36) II/III/IV
Reflective 0.11-0.65 I/II/III 0.53-1.50  III/IV 0.21-1.13 II/III/IV (-1.11)-(-0.56)  III/IV
Absorptive 0.40-1.02 II/III/IV 0.59-1.19  III / IV 0.25-1.45 II/III/IV (-1.13)-(-0.41) II/III/IV
PMV - Building's category (Heavyweight construction)
April August October December
 
 
Table 8: PMV – Building’s category – Heavyweight construction (without surface A7) 
Month
Glazing PMV Category PMV Category PMV Category PMV Category
Clear 0.93-1.26 IV 0.80-0.97 IV 0.57-1.63  III/IV (-0.68)-(-0.40) II/III
Low-e winter 0.90-1.23 IV 0.76-0.93 IV 0.75-1.44 IV (-0.69)-(-0.39) II/III
Low-e summer 0.83-1.19 IV 0.75-0.90 IV 0.75-1.40 IV (-0.67)-(-0.36) II/III
Reflective 0.24-0.53 II/III 0.55-0.69 III 0.37-0.90 II/III/IV (-0.80)-(-0.69)  III/IV
Absorptive 0.47-0.80 II/III/IV 0.62-0.82  III / IV 0.44-1.12 II/III/IV (-0.78)-(-0.62)  III/IV
April August October December
PMV - Building's category (without surface A7) (Heavyweight construction)
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Table 6 shows the temperature range of surfaces A1-A9 and its difference compared to 
the base case of building with clear glazings. Table 7 depicts the corresponding PMV 
range and building category based on PMV. In Table 8, the same information is demon-
strated with precluding floor surface A7, which is the most heated one since sun warms 
it through the 2 glazings. 
Regarding the heavyweight construction of the office building the following conclu-
sions have been made: 
 The low-e summer glazing could be more efficient during the time interval in 
August. It should have decreased the surface temperature in August more than 
the low-e winter glazing. 
 The low-e winter glazing is not so effective in October’s and December’s time 
period. The surface temperature is nearly equal to the one in the case of low-e 
summer glazing. 
 Low-e summer and winter glazings have similar performance: they slightly alter 
the PMV values in April, August and December and therefore the building re-
mains in the same category as base case (clear glazing). In October they both in-
crease PMV and change the building’s category by 1 to 2 categories. 
 The reflective glazing works outstandingly during all periods since it lowers the 
surface temperature by up to 9.2 oC. This is justified by the fact that its outer 
part reflects huge part of the solar radiation. In April and August it delays the 
rise of surface temperature compared to the faster rise of base case. 
 The absorptive glazing has similar but worse performance than the reflective 
one because its inner part absorbs more heat and thus warms the inside surfaces 
by convection. 
 Reflective and absorptive glazings diminish PMV and change the building's cat-
egory by 1 to 2 categories in April and by 1 category in August. In October they 
marginally change PMV values and thus building remains in the same category. 
In December only reflective glazing changes the building’s category. 
 With the exclusion of the warmest surface A7, in October and December both 
reflective and absorptive glazing change the building’s category by 1 to 2 cate-
gories. 
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6.2 Lightweight construction 
In the tables below (Table 9, Table 10, Table 11) the simulation results for the case of 
lightweight construction are presented for each time interval and type of the glazing. 
Table 9: Surface Temperature – Lightweight construction 
Month
Glazing [C] Diff.(-) [C] Diff.(-) [C] Diff.(-) [C] Diff.(-)
Clear 25.9-30.3 - 29.7-37.5 - 23.0-32.9 - 17.3-23.3 -
Low-e winter 25.8-29.2 0.1-1.1 29.4-35.5 0.3-2.0 23.4-31.2 0.0-1.7 17.4-22.3 0.0-1.0
Low-e summer 25.6-29.0 0.3-1.3 29.4-35.4 0.3-2.1 23.3-31.1 0.0-1.8 17.3-22.2 0.0-1.1
Reflective 22.3-23.1 3.6-7.2 28.0-29.0 1.7-8.5 21.5-23.6 1.5-9.3 16.4-17.2 0.9-6.1
Absorptive 23.4-24.7 2.5-5.6 28.6-30.5 1.1-7.0 21.9-25.5 1.1-7.4 16.6-18.5 0.7-4.8
Surface Temperature (Lightweight construction)
April August October December
 
 
Table 10: PMV – Building’s category – Lightweight construction 
Month
Glazing PMV Category PMV Category PMV Category PMV Category
Clear 0.72-1.53 IV 0.72-1.48 IV 0.36-1.82 II/III/IV (-1.03)-(-0.30) II/III/IV
Low-e winter 0.82-1.54 IV 0.70-1.38 IV 0.49-1.81 II/III/IV (-0.98)-(-0.17) I/II/III/IV
Low-e summer 0.80-1.41 IV 0.70-1.37 IV 0.54-1.76 III/IV (-0.99)-(-0.25) II/III/IV
Reflective 0.19-0.80 I/II/III/IV 0.51-0.93 III/IV 0.15-1.24 I/II/III/IV (-1.09)-(-0.55) III/IV
Absorptive 0.37-1.20 II/III/IV 0.58-1.27 III/IV 0.18-1.64 I/II/III/IV (-1.09)-(-0.36) II/III/IV
April August October December
PMV - Building's category (Lightweight construction)
 
 
Table 11: PMV – Building’s category – Lightweight construction (without surface A7) 
Month
Glazing PMV Category PMV Category PMV Category PMV Category
Clear 0.82-1.53 IV 0.75-1.00 IV 0.58-1.70 III/IV (-0.72)-(-0.20) II/III/IV
Low-e winter 1.03-1.54 IV 0.70-0.95 IV 0.67-1.66 III/IV (-0.70)-(-0.20) II/III
Low-e summer 0.96-1.41 IV 0.70-0.92 IV 0.65-1.62 III/IV (-0.70)-(-0.28) II/III
Reflective 0.35-0.67 II/III 0.51-0.69 III 0.31-1.02 II/III/IV (-0.80)-(-0.68) III/IV
Absorptive 0.50-0.96 II/III/IV 0.58-0.82 III/IV 0.37-1.29 II/III/IV (-0.75)-(-0.54) III/IV
PMV - Building's category (without surface A7) (Lightweight construction)
April August October December
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Table 9 presents the temperature range of surfaces A1-A9 and its difference compared 
to the base case of building with clear glazings. Table 10 demonstrates the correspond-
ing PMV range and building category based on PMV. In Table 11, the same infor-
mation is recorded with the exclusion of floor surface A7, which is the warmest one 
since sun heats it through the 2 windows. 
Regarding the lightweight construction of the office building the next inferences have 
been made: 
 The low-e summer glazing could be more efficient during the time interval in 
August. It should have shrinked the surface temperature in August much more 
than the low-e winter glazing. 
 The low-e winter glazing is not so effective in October’s and December’s time 
period. The surface temperature is nearly equal to the one in the case of low-e 
summer glazing. 
 Low-e summer and winter glazings have almost the same performance: they 
slightly alter the PMV values in April and August and thus the building doesn’t 
change category. In October the low-e summer changes the building’s category 
and in December low-e winter changes it. 
 The reflective glazing works outstandingly during all periods since it lowers the 
surface temperature by up to 9.3 oC. This is justified by the fact that its outer 
part reflects huge part of the solar radiation. In August it delays the rise of sur-
face temperature compared to the faster rise of base case. 
 The absorptive glazing has similar but worse performance than the reflective 
one because its inner part absorbs more heat and thus warms the inside surfaces 
by convection. 
 Reflective and absorptive glazings diminish PMV and change the building's cat-
egory by 1 to 2 categories in April, by 1 category in August and by 1 to 3 cate-
gories in October. In December absorptive glazing marginally changes PMV 
values and thus building remains in the same category. In December reflective 
glazing changes the building’s category by 1 category. 
 With the omission of the most heated surface A7, in December low-e summer 
and absorptive glazing change the building’s category by 1 to 2 categories. 
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6.3 Building energy needs 
 The energy need for heating when thermostat is set to mean air temperature is 
smaller compared to the case when thermostat is set to operative temperature. 
More heating energy is necessary so as to fulfill the thermal comfort conditions 
during heating period (16/10-15/04). 
 For the same period temperature surface (A1) is lower than MRT therefore this 
explains the high values of PMV index. 
 For the cooling period (16/04-15/10) comparing the two settings of thermostat, 
air temperature and MRT, the thermal comfort is achieved. 
 Finally, due to the restrictions that the program Energy plus has, namely air and 
mean radiant temperature cannot be calculated for every surface area A1-A9 
separately, but only as average for the whole thermal zone of the building, fur-
ther examination for the thermal comfort conditions cannot be conducted. 
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